Abstract: Early Ordovician volcanic rocks exposed in the South Mayo region of western Ireland document the history of a volcanic arc complex, produced following the initiation of south-dipping subduction within the Iapetus Ocean in the Late Cambrian or Early Ordovician. Lavas of the Lough Nafooey Group (Tremadoc-Arenig) show an eruption history marked by an initial period of tholeiitic basaltic volcanism, followed by a shift to increasing silica compositions of calc-alkaline affinity. Subsequent volcanism of the Tourmakeady Group (Arenig) shows a mixture of rhyolitic and andesitic compositions, which are in turn succeeded by tuffs of the Rosroe and Mweelrea Formations of the Murrisk Group (Llanvirn). These are also rhyolitic and andesitic but are generally more siliceous. The overall increase in silica contents may reflect increasing fractional crystallization due to crustal thickening.
The South Mayo Trough of western Ireland (Fig. 1) comprises a thick succession of Ordovician volcanic and sedimentary rocks, now deformed into a broad syncline, the Mweelrea Syncline.
A proximal sedimentary sequence occurs in the southern limb and a more distal sequence in the northern limb of this fold. It represents a critical area within the Iapetus suture zone, whose geology is fundamental to the reconstruction of the early and middle Ordovician tectonic framework of this ocean basin. On its northern side the South Mayo Trough is in contact with the Dalradian metamorphic tracts of north Mayo, while to the south similar high-grade lithologies of the Connemara block are in high-angle faulted contact.
The Ordovician and Dalradian lithologies are both unconformably overstepped by lower Silurian strata, indicating that the geological framework observed today had been largely assembled by the end of the Ordovician (Dewey & Shackleton 1984; Hutton & Dewey 1986 ). Significantly, the evolution of the South Mayo Trough substantially pre-dates final closure of the Iapetus Ocean in the Late Silurian/Early Devonian (e.g., McKerrow 1988; McKerrow et al. 1991) . The presence of volcanic rocks and thick piles (up to 10 km) of rapidly accumulated volcaniclastic sediment have led to a number of different interpretations of the South Mayo Trough within the general framework of an active margin setting. The South Mayo Trough has variously been interpreted as a backarc basin to a Laurentian continental margin arc (Dewey 1969; Bluck & Leake 1986 ), a Gulf of California-type basin (Ryan & Archer 1977) , a right lateral pull-apart basin (Dewey 1982) and a re-entrant in the Laurentian continental margin (Pudsey 1984) .
Most recently it has been suggested that the South Mayo Trough forms a forearc basin to an Ordovician intra-oceanic volcanic arc formed above a south-dipping subduction zone (Dewey & Ryan 1990; Ryan & Dewey 1991) . In this model the arc is now represented by the volcanic successions of the Lough Nafooey Group on the south side of the Trough (Fig.  1) . It is considered to have originated within the Iapetus Ocean during the Late Cambrian and subsequently collided with the passive margin of Laurentia, causing deformation and metamorphism of the Dalradian terrains (McKerrow et al. 1991) . This event is known as the Athollian Orogeny in the British Islands (Rogers et al. 1989) and as the Taconian Orogeny in the Appalachians. Post-collisional, late Ordovician strike-slip faulting is then considered to have transferred the Connemara Dalradian block south of the South Mayo Trough, in a fashion similar to the along-margin, strike-slip faulting of the western North American Cordillera (Coney et al. 1980) . As such, the volcanic rocks of the South Mayo Trough are analogous to the Notre Dame Bay volcanic complex and Bay-of-Islands ophiolite in Newfoundland, as well as the Bronson Hill massif of New England (Stillman 1988) .
A number of lines of evidence now suggest that the South Mayo Trough was formed in an intra-oceanic environment and was subsequently accreted to the margin of Laurentia in Mid-Ordovician times. The presence of tholeiitic basalts (Ryan et d . 1980) , as well as the scarcity of continental detritus in the oldest sediments of the South Mayo Trough (Pudsey 1984; Wrafter & Graham 1989 ) suggests an origin away from the continental margin of Laurentia. Furthermore, preliminary studies of the Lough Nafooey Group showed that the basal Bencorragh Formation has a trace element geochemistry similar to that of modern intra-oceanic volcanic arcs (Ryan et al. 1980 (Harris 1993) , support the south-dipping polarity of subduction implied by the model of Dewey & Ryan (1990) .
The objective of this paper is to test the model of an arc-forearc complex for the South Mayo Trough by examination of the geochemistry of volcanic rocks in the Trough. Evidence for a subduction influence will be reviewed, as will variations in chemistry spatially across the Trough and temporally upsection.
The geochemical evolution of the South Mayo Trough can then be compared to modern oceanic arc systems. While palaeontological control of the volcanic rocks is poor, the stratigraphic sequence within volcanic formations is well known (Fig. 2) 2 must be treated as approximate values, and were derived from the biostratigraphic data using the time scale of Harland et al. (1990) .
In addition to the major volcanic pile within the south limb succession of the South Mayo Trough, the Erriff Valley Group, and particularly the Bohaun Volcanic Formation, of the north limb succession, was examined. Its age relative to the other volcanic groups is unknown, although it is unconformably covered by sediments of the Murrisk Group, which make up the majority of the South Mayo Trough sequences. It is exposed in the hanging wall of a pre-cleavage thrust, indicating that these rocks originally occupied a much lower structural position . No palaeontological dates are known from the Bohaun Volcanic Formation, although it has been correlated with the lower Arenig Knock Kilbride Formation of the Lough Nafooey Group on the basis of its basaltic character . The sediments of the north limb succession are poorly dated, with no fauna being recovered from the basal Letterbrock or Derrymore Formations (Murrisk Group). The oldest graptolite fauna found is within the Sheeffry Formation and is of upper Arenig/lower Llanvirn age (Pudsey 1984 (Dewey & Shackleton 1984; Dewey & Ryan 1990 ).
The Ordovician volcanic groups
Samples were collected along a series of transects marked on (Fig. 3d) were sampled. The stratigraphic ages of the rocks are derived principally from the graptolite faunal stratigraphy (review in Graham et al. 1989) and are shown in Fig.  2 . Graptolites recovered from the Knock Kilbride Formation are equivalent to the Tetragraptus approximatus zone of the Arenig (Ryan et al. 1980) . The Tourmakeady Group is well dated by graptolites, and is bracketed by Didymograptus nitidk at the base and Zsograptus gibberulus at the top. It further contains mid-Arenig shelly fauna within breccias. The intrusive rhyolites are interpreted as a submarine tholoid, as they have a brecciated carapace and clasts are found in overlying fossiliferous limestones , so that they are considered to be part of the Tourmakeady Group. The Rosroe Formation is dated as mid-Llanvirn from the Didymograptus bifdus and Didymograptus murchisoni fauna. The Mweelrea Formation contains a late Llanvirn fauna.
Primary igneous rocks were preferentially sampled, with lava flows of both pillowed and massive types, and ignimbrite ash flows being used. Proximal mass flow conglomerates of exclusively volcanic derivation were sampled from the Finny Formation of the Lough Nafooey Group, and from the Tourmakeady Formation of the Tourmakeady Group. The proximal facies, close association with interbedded lava flows, and the uniform composition of their component clasts, indicate that these sediments are derived directly from freshly erupted lavas, so that their chemistry may be interpreted as equivalent to that although the discovery of explosive basaltic and rhyolitic pumice in water depths of 2200 m in the Sumisu Rift of the Izu-Bonin Arc (Gill et al. 1990 ) means that some caution should be applied to such estimates. Cocks & McKerrow (1984) recorded a fauna immediately above the lavas containing graptolites and no benthos, which in turn suggests that water depths were in excess of 200 m.
The rocks were analysed by X-ray fluorescence using a Philips pw1480 at the University of Edinburgh for a suite of 10 major elements and 15 trace elements. A selected sub-set of rocks were also analysed by a Philips PV8050 ICP at Royal Holloway and Bedford New College, London University, for a suite of 10 rare earth elements.
The sampled rocks were taken from fresh exposures and in the case of pillow lavas, material from the centre of the pillow was preferentially selected as being less altered than the pillow rims. Where possible aphyric rocks were selected in order to analyse the original magmatic liquid, rather than a product of fractional crystallization. The results obtained from the chemical analyses are shown in Tables 1 and 2 .
Major elements
Rocks within the south limb succession of the South Mayo Trough have suffered pumpellyite-zeolite grade metamorphism, are often altered by recent weathering, and, in the case of lavas, are locally affected by moderate amounts of hydrothermal alteration. The Bohaun Volcanic Formation is seen to be metamorphosed to greenschist grade and locally a cleavage is developed through both pillow lavas and volcaniclastic sediments. Volcanic glass has been converted universally to clay minerals. Nevertheless, the major element compositions of many igneous rocks within the South Mayo Ordovician do not appear to have changed greatly from values for fresh examples. Elements particularly mobile in water (e.g. K, Na, Ba, Sr) do show greater degrees of variability and correspondingly must be treated with a degree of caution when interpreting their petrogenetic significance. Group is composed of rapidly deposited mass flows. When plotted in its stratigraphic position, the intrusive rhyolites fall on the trend of silica depletion. This is consistent with their interpretation as a volcanic unit within the Tourmakeady Formation. No clear trend in silica contents is observed in the Mumsk Group, which is a mixture of andesitic and rhyolitic tuffs. Over the whole stratigraphy of the south limb succession the range of total silica contents is seen to rise with time.
Total alkali contents of volcanic rocks are of limited interest due to their susceptibility to remobilization and leaching. It is however noteworthy that the range of recorded potassium contents is higher in the younger formations. The Lough Nafooey Group and Bohaun Volcanic Formation both give potassium contents of less than 2.0%, mostly less than 0.5% (Table l) Ordovician shows that Tremadoc to Llanvirn volcanism can be split into four separate cycles. The first, comprising the Bencorragh and Finny Formations of the Lough Nafooey Group, is a dominantly low-K series with increasing silica content upsection. The second, comprising the Knock Kilbride Formation of the Lough Nafooey Group also shows increasing silica and a low-K chemistry. A third series, comprising the Tourmakeady Volcanic Group, shows decreasing silica contents within a medium to high-K system, while a fourth series, the Murrisk Group, shows little trend to its silica contents, within the general grouping of medium to high-K lavas.
Trace elements
Trace elements, unlike many major elements, are often immobile in aqueous fluids and are thus less disturbed by weathering, hydrothermal or burial-related alteration. As such they can be used for magmatic discrimination in cases where the major element chemistry of the lavas has been altered. Immobile trace elements can be used to constrain the tectonic setting in which lavas, and especially low-silica lavas, were erupted. A number of additional factors may complicate this approach, such as the remobilization of melts frozen into the base of the lithosphere since its formation. This is a particular problem in the continental lithosphere, which is generally much older than its oceanic equivalent, and thus more likely to have been exposed to a Pearce (1982) . elements. This enrichment is a typical feature of subduction-related magmas (e.g. Pearce 1982 Pearce , 1983 , although transport of these water-mobile elements during alteration may also have contributed to their enrichment. In cases where these elements are depleted compared to
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MORB, post-eruption alteration must be responsible for their removal by leaching. The Bohaun Volcanic Formation also shows a number of examples with enrichment of the mobile elements.
Relative depletion in the incompatible, high field strength element Nb, compared to the rare earth elements plotted next to it on the multi-element diagram is another typical feature of subduction-related magmatism also seen in South Mayo. This is most marked in the Bencorragh Formation, where the other incompatible elements show MORB-like concentrations. In contrast, in the Finny and Knock Kilbride Formations, the relative Nb depletion is much less pronounced. However, in these formations the immobile trace elements are all depleted relative to normal MORB. This Depletions in incompatible elements can be considered more fully by examining the ratio of representative elements from both the high field strength and rare earth element groups. Previous workers (e.g. Pearce 1983) have considered these elemental groups to have been decoupled in the petrogenesis of volcanic arc lavas. Since Nb is a more incompatible element than Zr in mantle phases, the relative depletion in high field strength elements through time can be charted by consideration of the ratio Zr/Nb. Figure 7a shows the variation in Zr/Nb through the Lough Nafooey Group and Bohaun Volcanic Formation. While the Bohaun Formation and most of the Lough Nafooey Group have Zr/Nb values less than 50, it is noteworthy that the basal flows of the Bencorragh Formation of the Lough Nafooey Group show very high Zr/Nb values (>250). Figure 7b shows that the lack of any correlation between Mg and Zr/Nb. Since Mg is sensitive to fractional crystallization, the lack of any correlation suggests that for the basaltic samples Zr/Nb is independent of fractional crystallization.
Rare earth elements
Fluctuations in rare earth element depletion can be traced in a similar way to the high field strength elements through consideration of the Ce/Y ratio. Ce is a more incompatible element than Y in mantle phases, so that high Ce/Y corresponds to a relative enrichment in light compared to heavy rare earth elements.
In the Lough Nafooey Group Ce/Y is seen to rise throughout the sequence from almost 0 to 2 (Fig. 8) . A similar trend to increasing enrichment in light rare earth elements is also noted when plotting Ce/Ho against stratigraphic position, using only data from the ICP (inductively coupled plasma) analyses (Fig.  8) . The high precision of the ICP method in measuring rare earth elements improves confidence in the accuracy of the Ce/Y trend identified from XRF analyses. It is however noteworthy that the increase in the Ce/Ho at the top of the Bencorragh Formation is more sudden than the apparent gradual increase in Ce/Y. This difference is probably attributable to the lower accuracy of the XRF method for rare earth elements.
As was the case for the high field strength elements, there is no evidence for a correlation between Ce/Y or Ce/Ho and Mg, implying that the trend in rare earth element depletion is not the result of fractional crystallization. Figure 9 shows the rare earth elements, chondritenormalized (Sun & McDonough 1989) for representative members of the Bohaun Volcanic Formation and the three analysed formations of the Lough Nafooey Group. Each formation has its own distinctive form. The Bohaun Volcanic Formation is typified by flat rare earth element trends, all of less than 1OX chondrite. In contrast, the Bencorragh Formation shows trends depleted in light rare earth elements, but with a heavy rare earth element enrichment compared to the Bohaun Volcanic Formation, i.e. all greater than 1OX chondrite. Going upsection, basaltic clasts from the Finny Formation show a slight enrichment in light rare earth elements and lower levels of heavy rare earth elements than in the Bencorragh Formation, a trend that continues into the Knock Kilbride Formation. This shows a moderate enrichment in light rare earth elements and a significant depletion in heavy rare earth elements. Thus in the Lough Nafooey Group there is a decrease in the absolute levels of heavy rare earth elements and an increase in relative light rare earth element enrichment going upsection. The Tourmakeady Volcanic Group and tuffs in the Murrisk Group show rare earth element trends with strong light rare earth element enrichment and heavy rare earth element concentrations above 1OX chondrite (Fig. 10) .
Discussion
Little useful information about the nature of petrogenesis can be derived from the major element analyses. The significance of the short duration trends in silica content is unknown, although the overall trend to higher values must reflect greater degrees of fractional crystallization with time, an observation that may reflect crustal thickening as volcanism proceeded. The increase in the alkali content of lavas is also consistent with crustal thickening, as increases in the thickness of the arc lithosphere will correspondingly reduce the height of the asthenospheric melting column and so decrease the degree of partial melting. in the Bohaun Volcanic Group compared to the Lough Nafooey Group. This is true of both the trace and rare earth element variation diagrams (Figs 6 and 9) . Such low levels of immobile trace elements are reminiscent of boninitic chemistries, although the basalts of the Bohaun Volcanic Formation lack the characteristic U-shaped rare earth element diagram of this rock type (Crawford 1989).
Nevertheless, these diagrams indicate that the source of the Bohaun Volcanic Formation was more chemically depleted than those of the Lough Nafooey Group and of normal MORB. Within the Lough Nafooey Group, the absolute levels of the heavy rare earth elements fall going upsection, while the relative levels of light rare earth elements increase. Depletion of heavy rare earth elements may indicate that the source from which the melts were extracted had already suffered an earlier melt generation event. Importantly, such a melt extraction would also account for the uniform depletion of the immobile trace elements below MORB levels in Fig. 6 simple melting, crystallization and eruption, then such differences could not occur. A separate mechanism must be responsible for the difference in the trends to enrichment. This is most likely to be the action of fluids derived from the subducting slab in an arc environment. The high field strength elements are water-immobile and are considered to be derived directly from the source mantle. However, it has been suggested that light rare earth elements could be transported by watery fluids lost by the subducting slab (Pearce 1983) . Increased slab flux would thus result in increased light rare earth element enrichment with time, but have little effect on the immobile high field strength elements. A decoupling of high field strength and rare earth elements in the petrogenesis of the Lough Nafooey Group has occurred. The strongly light rare earth element-enriched trends seen in the Tourmakeady Volcanic Group and tuffs of the Murrisk Group can be simply interpreted as the effects of fractional crystallization in these high-silica volcanic rocks. That fractional crystallization occurred is clearly demonstrated by the negative Eu anomalies in each group, caused by plagioclase crystallization. The advanced degree of fractional crystallization makes the nature of the source mantle difficult to recognize, although higher absolute levels of the heavy rare earth elements compared to the Lough Nafooey Group indicates that the mantle source is less depleted in these groups than for the earlier volcanic history.
Geodynamic implications
The trace element data indicate that the Bohaun Volcanic Group is generated by melting of a immobile element depleted mantle source, possibly due to an earlier melt by the forcing action of the newly subducting slab (Saunders et al. 1991 ). Higher heavy rare earth element concentrations in the Tourmakeady and Murrisk Group volcanics may be in part due to the start of asthenospheric circulation and source enrichment by the time of their eruption. The progressive underthrusting of a new slab would cause increasing fluid flux, which in turn might account for the increasing light rare earth element enrichment of the Lough Nafooey Group. Underthrusting would also cause a progressive cooling of the geothermal gradient above the subduction zone, resulting in a decrease in the degree of partial melting with time. This effect would reinforce the trend to increasing relative enrichment of the light rare earth elements. 1990 ). Previous estimates of the age of subduction initiation during the Tremadoc (Dewey & Shackleton 1984; Dewey & Ryan 1990 ) are compatible with the poorly constrained pre-upper Arenig age of this formation (Pudsey 1984 
